Introduction
There is a constant increase of interest for multi-band antennas, mainly driven by the objective to reduce the number of onboard and ground antennas by integrating several applications on a single radiating element. In the framework of the Galileo satellite navigation system, the French Space Agency (CNES) proposed to study the possibility of combining GPS, Galileo and MicroSat telemetry (TM) applications on the same multi-band antenna. The GPS / Galileo bands used here include for example ARNS as well as high precision applications. This communication introduces a novel topology of trap-loaded multi-band antenna based on pyramidal structures [1] . The experimental results confirm the good performances observed during the electromagnetic simulations. The multi-band behavior and the required circular polarization characteristic of the proposed pyramidal antenna are validated experimentally.
Antenna design
Two interesting configurations can be considered to obtain circularly polarized antennas from linearly polarized ones. The first configuration uses quadratic phase excitations placed at the center of the structure [2] while for the second configuration, the quadratic phase excitations are located at the border of the antenna [3] . According to electromagnetic simulations, the latter configuration provides higher directivity with wider bandwidth as compared to the first one. Furthermore, the four feeding ports in this second configuration are all disjointed, making it easier to feed. However, this configuration suffers from a spurious interference effect which is an array effect induced by the non homothetic antenna shape. In addition to this, for our application, it presents insufficient radial directivity at high frequencies.
A solution to overcome these two drawbacks involves the use of the axis perpendicular to the antenna surface. The resulting pyramidal antenna (figure 1) provides a good radial radiation, hence possible improvement in the radial directivity. Furthermore, with this configuration, the feeding ports are brought closer to each other, leading to a reduction or even suppression of the cumbersome array effect. A pyramidal inclining angle of 45 degrees presents a good trade-off between the expected radial and axial radiation performances. The multi-band behavior of this antenna is obtained using trap-loads. These loads can be lumped [3] or distributed [4, 5] elements. In order to simplify the process of antenna design and to reduce the computation time, the trap-loads used in the electromagnetic simulations are considered as ideal ON/OFF switches. The design and the simulation of the proposed antenna are performed using IE3D software based on the Method of Moments.
Antenna manufacturing
According to IE3D simulations results, the best impedance matching is obtained when the four feeding ports are located at the vicinity of the circular central hole of the ground plane. However, in practice, it is not convenient to place the SMA connectors at the edge of this hole. A solution is to locate the SMA connectors at a more convenient position and to use 50 Ω microstrip lines to connect them to the radiating elements, as shown on figure 1. The outer radius of the circular ground plane is chosen in order to reduce the edge radiation produced by the surface current on the ground plane. The four radiating elements that constitutes the antenna are printed with copper (width = 1 mm) on a relatively lowpermittivity substrate (relative permittivity = 2.08 and thickness = 762 µm). The same substrate is used for the realization of the 50Ω-microstrip lines. 
Antenna measurements
The input return losses and the bandwidth performances of the antenna with ideal trap-loads are presented in Table 1 . Measurements of input reflection coefficients were performed using the vector network analyzer WILTRON 37269A. It can be seen that the impedance matching in all bands is quite good, particularly for the second and the third bands (around ---18dB). A weaker impedance matching is obtained in the first frequency band (---13.11dB): post-simulations using CST Microwave studio software have shown that this low impedance matching is caused by the metallic cylinder placed beneath the ground plane to reduce rear radiations (this post-simulations have confirmed that this cylinder has a little impact on the return losses of the two other frequency bands). Optimization of the full antenna using CST Microwave studio software is under way. 
The radiation specifications are satisfied in the GPS/Galileo frequency bands (centered at 1.197 GHz and 1.575 GHz) and slightly out of the technical requirements in some radiating direction for TM frequency band (centered at 2.245 GHz). Some minor adjustments can be proposed to improve radiation performances in this frequency band: for instance adjusting the inclination of the four radiation monopoles. From these experimental results we conclude that the multi-band behavior and the circular polarization of this antenna with ideal traploads have been validated experimentally.
Conclusion
A novel solution based on pyramidal structures with traps was designed and tested experimentally. The measurements results confirm the good performances obtained from the electromagnetic simulations. The solution suggested in this communication has been developed for a tri-band application but, it could also be advantageously applied for applications in multiple frequency bands. Moreover the exploitation of available volume offers new degrees of freedom for the design of the antennas such as the angle of inclination of the pyramid and the radius of the circular hole bored in the ground plan as well as the length of the cylinder beneath. The proposed multi-band antenna is easy to design and is flexible. It is a good candidate for other multi-band applications.
